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ly-j ' Abstract. Remarkably rich physics is involved in the behavior of hybrid Josephson junctions, 

connecting high-T,. and low-r^ superconductors. This relates in particular to the different order 
■ parameter symmetries underlying the formation of the superconducting states in these materials. 

Experiments on high-rc/low-T^, contacts have also played a crucial role in settling the decade-long 
rf-wave versus i-wave debate in cuprate superconductors. Recently, such hybrid junctions have 
' O ■ enabled more detailed pairing symmetry tests. Furthermore, with these junctions, complex arrays of 

C ' ;r-rings have been realized, enabling studies on spontaneously generated fractional flux quanta and 

their mutual interactions. Steps toward novel superconducting electronic devices are taken, utilizing 
the phase-shifts inherent to the rf-wave superconducting order parameter. This paper is intended to 
reflect the current status of experiments using high-Tj. and low-T^. Josephson contacts. 
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^ ! 1. Introduction 

o 

The introduction of additional phase shifting elements in superconducting loops 
^ I leads to remarkable effects (van Harlingen, 1995; Tsuei and Kirtley, 2000a). This 

can be achieved e.g. by using superconductors with unconventional pairing sym- 
. metry (Geshkenbein and Larkin, 1986; Geshkenbein et al., 1987; Sigrist and Rice, 

I 1992; Tsuei and Kirtley, 2000a), by incorporating /r-Josephson junctions (Bu- 

O ■ laevskii et al., 1977), or by employing trapped flux quanta (Majer et al., 2002) 

or current injection (Goldobin et al., 2004). In phase-sensitive tests of the pairing 
symmetry, superconductors with unconventional pairing symmetry were used to 
^ ■ create a k phase-shift in the ring (;r-ring), leading to a complementary magnetic 

field dependence of the critical current of the ring (WoUman et al., 1993; Wollman 
et al., 1995) and to the half-flux quantum effect (Tsuei et al., 1994). 

These interesting observations are due to the physics associated with J-wave 
symmetry taking place at the interface of the high-Jc cuprate superconductors, as 
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reviewed for example in (van Harlingen, 1995; Tsuei and Kirdey, 2000a; Kashi- 
waya and Tanaka, 2000; Hilgenkamp and Mannhart, 2002; Tafuri and Kirdey, 
2005). Other interesting phenomena primarily associated with J-wave symme- 
try include e.g. Andreev bound states (Hu, 1994; Kashiwaya and Tanaka, 2000; 
Chesca et al., 2005; Chesca et al., 2006), the presence of the second harmonic in 
the critical current versus phase relation (Golubov et al., 2004), or vortex splinter- 
ing (Mints et al., 2002). 

In the phase-sensitive experiments, superconducting loops were fabricated 
using a high-Tc cuprate connected to a low-J^ superconductor (WoUman et al., 
1993; Wollman et al., 1995), or using tricrystal or tetracrystal grain boundary 
junctions (Tsuei et al., 1994; Tsuei and Kirtley, 2000a). In this article we will 
concentrate only on the first route, using a high-rc material connected to a low-J^ 
superconductor. 




Figure 1. (Color) A schematic representation of a ;r-ring (top) and a 0-ring (bottom), and tiie 
expected magnetic field dependencies of their critical currents as shown at the right-hand side. 



A schematic of a /r-ring (;r-SQUID) and 0-ring (standard SQUID) employing 
high-Jc and low-J^ Josephson contacts is depicted in Fig. 1. In the limit of a low 
inductance L <c Oo//c, with - hlle = 2.07 x 10"'^ Wb the flux quantum 
and the critical current of the junctions in the ring, the ;r-SQUIDs have IdB) 
characteristics complementary to those of standard SQUIDs. For L » ^olh. 
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the energetic ground state involves a spontaneously generated flux of 5O0 in the 
SQUID loop. To compensate for the built-in 7r-phase shift a spontaneous circulat- 
ing current flows in the ring, in either the clock- or counter-clockwise direction. 
The magnetic flux associated with this persistent circulating current is a fraction 
of a flux quantum, growing asymptotically to a half-flux quantum in the large 
inductance limit (Kirtley et al, 1997). In the limiting case when the inner diam- 
eter of the ;r-ring in Fig. 3 is reduced to zero, the structure represents the comer 
junction (WoUman et al., 1995). A comer junction behaves similarly to a 7r-ring. 
In this structure, the J-wave order parameter of the high-Jc cuprate induces a 
diff'erence of n in the Josephson phase shift A0 between the two junctions (facets). 
For facet lengths a in the small limit, that is, a <sc /I /, the comer junction has /c(B) 
characteristics with zero critical current in the absence of magnetic fields, in stark 
contrast to the Fraunhofer pattern for a uniform junction. For facet lengths a in 
the wide limit, that is, a :^ Aj, the lowest-energy ground state of the system is 
expected to be characterized by the spontaneous generation of a half-integer flux 
quantum at the corner. This half-fluxon provides a further ;r-phase change between 
neighbouring facets, either adding or subtracting to the <i-wave induced 7r-phase 
shift, depending on the half-flux-quantum polarity. In both cases, this leads to a 
lowering of the Josephson coupling energy across the barrier, as this energy is 
proportional to (1 - cos A^). 

2. Preparation of high-Jc and \ow-Tc ramp-type Josephson contacts 

Various early attempts have been made to prepare Josephson contacts between 
high-Jc and low-J^ superconductors, such as YBa2Cu307 (YBCO) and Nb (Akoh 
et al., 1988; Akoh et al., 1989; Akoh et al., 1990; Fujimaki et al., 1990; Fujimaki 
et al, 1991; Hunt et al, 1990; Hunt et al., 1991; Foote et al., 1991; Terai et al, 
1993; Wolhnan et al., 1993; Brawner and Ott, 1994a; Brawner and Ott, 1994b; 
Mathai et al., 1995; Gim et al., 1996; WoUman et al., 1995; Terai et al., 1995; 
Brawner and Ott, 1996; Usagawa et al., 1998). Oxygen migration due to the chem- 
ical reactivity of Nb with oxygen, combined with the sensitivity of YBCO to oxy- 
gen loss, presents a difficulty for the preparation of a good electrical connection 
between both superconductors. Another cmcial step, especially using the ramp 
type configuration, is the stmcturing of the superconducting base electrode. Un- 
fortunately, this procedure can severely degrade the quality of the base electrode 
near the interface. Transmission electron microscopy (TEM) studies of YBCO/Au 
ramp-type interfaces (Wen et al., 1999) clearly show an amorphous layer with a 
thickness up to 2 nm at the ramp edge between the high-Tc base electrode and the 
Au layer deposited at the freshly milled ramp edge. 

Using the ramp-type interface configuration (Gao et al., 1990; Gao et al., 
1991; Verhoeven et al, 1996), we have been able to establish a fabrication pro- 
cedure (Smilde et al., 2002b) for all-thin-fikn Josephson junctions, in which con- 
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trollably a high-Jc cuprate superconductor (such as YBCO or Nd2-A^Ce;iCu04 
(NCCO)) is connected with a low-r^ material (Nb) along freely chosen directions 
of the high-Jc cuprates. A thin interlay er is incorporated in the junctions to obtain 
an increased transparency. The interlayer restores the surface damaged by ion 
milling and has the advantage of an in-situ barrier deposition between the two 
superconductors, leading to clean and well-defined interfaces. To avoid oxygen 
migration at the interface, a thin but chemically closed barrier separating the 
materials is used, for which Au is found to be the most suitable material (Smilde 
et al., 2001a; Smilde et al., 2001b). 




Figure 2. (a) Schematic cross section of the YBa2Cu307_,5/Au/Nb ramp-type junction including 
the interlayer. (b) Bright-field transmission electron microscopy image of the YBa2Cu307-i/Au 
interface at the ramp-edge area, including an interlayer of 6 nm deposited YBaiCusOv-i. Crystalline 
YBa2Cu3 07-i material is observed up to the Au interface, while no clear interface is observed 
between the base electrode and the interlayer (dashed line) [from (Smilde et al., 2002b)]. 

For the preparation, first a [001] -oriented high-Jc cuprate and a SrTiOa insula- 
tor layer are epitaxially grown by pulsed laser deposition (PLD) on [001] -oriented 
SrTiOs single crystal substrates. In these films, beveled edges (ramps) are etched 
by Ar-ion milling under an angle of 45° using a photoresist stencil, yielding ramps 
with an angle of ~ 20° with the substrate plane (Blank and Rogalla, 1997). In 
order to facilitate a good alignment of the junction with the (lOO)-axes of the 
high-rf film, edge-aligned substrates are used, with an alignment accuracy better 
than 1°. After stripping of the photoresist, a low- voltage ion mill step is applied 
to clean the surface, in-situ followed by an annealing step and the deposition of 
a thin interlayer of 5 - 7 nm YBCO at a condition similar to the deposition of 
the YBCO base-electrode. The annealing procedure is introduced to recrystallize 
residual amorphous material present at the ramp edge. This is followed by an 
in-situ deposition of Au-barrier at room temperature. After deposition of the Au- 
barrier layer with a thickness ranging from 6 to 120 nm, a photoresist lift-off 
stencil is applied to define the junction area. Before Nb deposition, maximally 
2 nm of the Au layer is removed by rf-sputter etching, followed in situ by dc- 
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sputter deposition of 150 nm Nb. After lift-off, the redundant uncovered Au is 
removed using ion milling. 

A sciiematic of the junction obtained in tiiis way is presented in Fig. 2a. The 
interlayer concept employs the difference in homoepitaxial and heteroepitaxial 
growth of high-Jc material. The thin interlayer is anticipated to be superconduct- 
ing only if deposited on the YBCO ramp area, whereas on the SrTi03 substrate 
and isolation layer it is anticipated not to become superconducting (Smilde et al., 
2002b). Figure 2b presents a TEM micrograph of the ramp edge area near the 
YBCO/Au interface. Because of the application of the thin YBCO interlayer, crys- 
talline high-rc material extends up to the Au barrier, and an amorphous layer was 
never observed. The interface between the base electrode and the interlayer could 
not be distinguished by TEM, indicating nearly perfect homoepitaxial growth. 

Following this procedure results in normal state resistance values of - 
10~^^ D.m^ at liquid helium temperature. By adapting the Au-barrier thickness 
dAu, the junction critical current density can be tuned in a wide range from 10^ A/m^ 
for (Jau ~ 120 nm, up to values approaching 10^ A/m? for (Jau ~ 7 nm. In the 
following, we will review recent experiments based on high-Jc versus low-rc 
contacts prepared using the procedure that has been described in this section. 

3. Pairing symmetry test experiments 

Understanding the nature of the ground state and its low-lying excitations in 
the copper oxide superconductors is a prerequisite for determining the origin 
of high temperature superconductivity. A superconducting order parameter (that 
is, the energy gap) with a predominantly d^2_y2 symmetry is well-established 
(van Harlingen, 1995; Tsuei and Kirtley, 200()a). There are, however, several 
important issues that remain highly controversial. For example (in hole-doped 
compound such as YBCO) various deviations from a pure d-v/ave pair state, 
such as the possibility of Cooper pairing with broken time-reversal symmetry 
(BTRS) or an admixed dx2_y2 + s pair state, have been theoretically predicted 
(Laughlin, 1988; Varma, 1999; Sigrist, 1998; Lofwander et al., 2001) and actively 
sought in numerous experimental studies (Spielman et al., 1992; Lawrence et al, 
1992; Kaminski et al., 2002; Varma, 2002; Fauque et al., 2005; Covington et al., 
1997; Dagan and Deutscher, 2001; Sharoni et al., 2002; Mathai et al., 1995; Schulz 
et al., 2000). Furthermore, a transition of the pairing symmetry from li-wave be- 
havior to 5-wave-like behavior was also suggested as a function of doping (Skinta 
et al., 2002; Biswas et al., 2002; Qazilbash et al., 2003) and temperattire (Balci 
and Greene, 2004) in various electron doped compounds. 

In view of this ongoing discussion, there is a need for further phase-sensitive 
experiments as a function of doping and temperature, and specifically for studying 
the possible existence of BTRS states. Many phase-sensitive experiments have 
been performed to look for evidence of BTRS (van HarUngen, 1995; Tsuei and 
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Kirtley, 2000a; Mathai et al., 1995; Schulz et al., 2000). From these it has been 

concluded that, if present, the imaginary component must be quite small for high- 
Tc cuprates over a broad range of doping (Tsuei et al, 2004). Tsuei and Kirtley 
succeeded in performing phase-sensitive measurements for various compounds 
and temperatures based on grain boundary junctions and half-flux quantum effects 
(Tsuei and Kirtley, 2000a). Geometrical restrictions of the grain boundaries makes 
such experiments very challenging, especially for investigations as a function of 
momentum. In this section we describe various phase-sensitive experiments that 
have been performed based on high-Tc/Nb Josephson contacts. 

3.1. LOW-INDUCTANCE-SQUID INTERFEROMETRY 

Superconducting quantum interference devices present excellent tools to perform 
phase-sensitive experiments on the order parameter symmetry in superconductors 
(WoUman et al., 1993; Brawner and Ott, 1994a; Mathai et al., 1995; van Har- 
lingen, 1995; Schulz et al., 2000). In a dc SQUID in which an isotropic 5'-wave 
superconductor contacts the superconductor to be studied in two crystal orienta- 
tions, the critical current versus the applied magnetic flux dependence contains 
information about the relative phase and magnitude of the order parameter wave 
function at both contacts. Previous SQUID experiments on the order parameter 
symmetry of the high-r^ cuprates have been performed using, for example, Pb as 
a counter electrode. In these experiments, single crystals (Brawner and Ott, 1994a) 
as well as twinned and untwinned thin films (WoUman et al., 1993; Mathai et al., 
1995) of YBa2Cu307 have been used. These SQUIDs generally had inductances 
of Lie ~ ^0 or larger. 

Low-inductance SQUIDs enable a more precise analysis (Schulz et al., 2000; 
Smilde et al., 2004a). Low-inductance all-high-r^ tt-SQUIDs have been prepared 
using tetra-crystal substrates, providing clear evidence for predominant d^i_yi- 
wave order parameter symmetry (Schulz et al., 2000). These dc ;r-SQUIDs were 
based on symmetric 45° [001]-tilt grain-boundary junctions. By definition, grain- 
boundary junctions are subject to limitations with respect to the orientation of 
the superconductors on both sides of the junction interface. Additionally, a com- 
pUcating factor is presented by the fact that both electrodes are characterized by 
the order parameter symmetry under investigation. Junctions combining a well- 
characterized isotropic superconductor with the superconductor to be studied pro- 
vide the ability to probe the order parameter in any desired orientation. 

We have fabricated low-inductance SQUIDs based on high-r^ versus low-Jc 
Josephson contacts. Sketches of the devices are shown in the insets of Fig. 3. If 
the high-rc order parameter is probed by an isotropic superconductor along the 
same main crystal orientation in a dc SQUID (bottom), i.e., both junctions are 
oriented in parallel, a maximum critical current is then observed in the absence of 
an apphed magnetic field as shown in Fig. 3 (bottom). When the junctions are ori- 
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Figure 3. (Color) Critical current as a function of the applied magnetic field at T = 4.2 K of a 
;r-SQUID (top) and standard SQUID (bottom). The insets present schematically the corresponding 
configuration and an enlargement of the IdE) dependence near zero field. Both SQUIDs are in the 
low inductance limit [from (Smilde et al., 2004a)]. 

ented perpendicular with respect to each other in the [1 00] -directions, the high-Jc 
order parameter symmetry induces an additional phase-shift in the SQUID-Ioop. 
A time reversal invariant dxi_^2 order parameter symmetry of the high-r^ cuprate 
corresponds to a ;r phase-shift, and maxima in the critical current are observed 
at a magnetic field equivalent to as depicted in Fig. 3 (top). A time-reversal 
symmetry breaking (TRSB) order parameter, such as predominant d^i_^2 pairing 
with an imaginary 5-wave admixture, results in a deviation from n, and conse- 
quently the maximum critical current occurs at an applied flux differing from ^Oq. 
Therefore no evidence has been found for imaginary admixtures. Twinning of the 
film prevents the determination of possible real admixtures. 
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3.2. JOSEPHSON JUNCTION MODULATION 

Multiple ;r-Ioops placed controllably at arbitrary positions would enable more 
detailed and systematic studies of the order parameter symmetry and its effects 
on Josephson devices (Smilde et al., 2002a; Ariando et al., 2005), as well as 
the realization of theoretically proposed elements for superconducting (quantum) 
electronics (Terzioglu and Beasley, 1998; loffe et al., 1999; Blatter et al., 2001). 




-15 -10 -5 5 10 15 -3 -2 -1 1 2 3 



Bg (i-iT) (mT) 

Figure 4. (a) A schematic representation of a zigzag junction. Critical current 1^ as a function of 
applied magnetic field Ba for (b) a straight junction, and (c) a YBCO/Nb and (d) a NCCO/Nb zigzag 
array comprised of 80 facets of 5 //m width {T = 4.2 K) [from (Smilde et al., 2002a) and (Ariando 
et al., 2005)]. 

We have fabricated well-defined zigzag-shaped ramp-type Josephson junc- 
tions between various high-Jc superconductors and Nb, and used such structures 
to test the order parameter symmetry of these high-rc compounds. The zigzag 
configuration is depicted in Fig. 4a. In this structure, all interfaces are aligned 
along one of the (100) directions of the cuprate, and are designed to have iden- 
tical critical current density (J^) values. If the high-rc cuprate were an 5-wave 
superconductor, there would be no significant difference between a zigzag and 
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a straight junction, aligned along one of the facet's direction. With the high-Tc 
superconductor having a (i-f2_^,2-wave symmetry, the facets oriented in one di- 
rection experience an additional ;r-phase difference compared to those oriented 
in the other direction. For a given number of facets, the characteristics of these 
zigzag structures then depend on the ratio of the facet length a and the Josephson 
penetration depth Aj; see, e.g., (Zenchuk and Goldobin, 2004). In the small facet 
hmit, a Aj,the zigzag structure can be envisaged as a one-dimensional array of 
Josephson contacts with an alternating sign of Jc, leading to anomalous magnetic 
field dependencies of the critical current. In the large facet limit, the energetic 
ground state includes the spontaneous formation of half-integer magnetic flux 
quanta at the comers of the zigzag structures, as seen in (Hilgenkamp et al, 2003). 
All experiments described in this section are in the small facet limit. 

Figure 4c and 4d shows the IdBa) dependence for a YBCO/Nb and a NCCO/Nb 
zigzag array with 80 facets having a facet length of 5 /xm, respectively. The IdBa) 
dependencies of these zigzag structures clearly exhibit the characteristic features 
with an absence of a global maximum at Ba(0) and the sharp increase in the crit- 
ical current at a given applied magnetic field, resembling in their basic features 
the ones observed for asymmetric 45° [001] -tilt grain boundary junctions. This 
behavior can only be explained by the facets being altematingly biased with and 
without an additional 7r-phase change (Copetti et al., 1995; Hilgenkamp et al., 
1996; Mannhart et al, 1996; Mints and Kogan, 1997). This provides a direct 
evidence for a ;r-phase shift in the pair wave function for orthogonal directions in 
momentum space and thus for a predominant d^2_y2 order parameter symmetry. If 
the order parameter were to comprise an imaginary .v-wave admixture, the IdBa) 
dependencies for the zigzag junctions would be expected to display distinct asym- 
metries, especially for low fields (Smilde et al., 2002a). In addition, the critical 
current at zero applied field is expected to increase with the fraction of s-wave 
admixture. From the high degree of symmetry of the measured characteristics 
of Figs. 4c and 4d and the very low zero field Ic, an upper Umit of an imagi- 
nary 5- wave symmetry admixture to the predominant dx2_y2 symmetry of 1% for 
YBCO can be set and no indication for subdominant symmetry components for 
NCCO can be distinguished. The J-wave result for the electron-doped supercon- 
ductor corroborates the results obtained using grain boundary junctions (Tsuei and 
Kirtley, 2000b; Chesca et al, 2003) 

To investigate a possible change of the order parameter symmetry with doping 
(Biswas et al, 2002; Qazilbash et al., 2003), we have fabricated similar zigzag 
structures using Ndi.835Ceo.i65Cu04/Nb junctions. The results also indicated a 
predominant (i^2_^,2-wave symmetry. When cooling the samples to T = 1.6 K 
all the basic features displayed by the structures at T = 4.2 K remain unal- 
tered. We thus see no indication for an order parameter symmetry crossover for 
Ndi.835Ceo.i65Cu04 in this temperature range, as was reported for Pr2-A:Ce_rCu04_j, 
(Balci and Greene, 2004). Similar results were obtained for optimally doped sam- 
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pies upon cooling to T = 1.6 K. 



3.3. ANGLE-RESOLVED ELECTRON TUNNELING 

The upper limit of an imaginary s-wawe symmetry admixture can be determined 
using the experiments described above. However, these experiments used geome- 
tries in which the junction normals are perpendicular to the a- and b- axes. They 
are, therefore, insensitive to an imaginary dxy component which has nodes along 
the a- and ^-axes. Another possible modification of the pure J-wave gap parameter 
is an admixed dj^2_y2 + s pair state, where s is the s-wa.ve real component of 
the gap, as required by group theory for the in-plane CuO lattice symmetry of 
orthorhombic cuprate superconductors such as YBCO (Tsuei and Kirtley, 2000a). 
Although a. d + s pair state in YBCO is established (Polturak et al., 1993; Basov 
et al., 1995; Rykov and Tajima, 1998; Lu et al., 2001; Engelhardt et al., 1999), 
reports of the magnitude of the 5-wave admixture vary. Twinning of the YBCO 
thin films used in the experiments discussed above prevents the determination of 
possible real admixtures. To further examine the <i-wave order parameter sym- 
metry, it is therefore important to perform pairing symmetry tests as a function of 
in-plane momentum using untwinned films. We have performed such experiments 
on untwinned optimally-doped YBCO films based on YBCO/Nb contacts (Smilde 
et al., 2005; Kirtley et al., 2006). 
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Figure 5. (Color) (a) Angle-resolved electron tunneling with YBa2Cu3 07/Au/Nb ramp-type junc- 
tions oriented every 5° over 360°. The arrows indicate the main crystal orientations in the ab plane 
of the high-r^ superconducting material, (b) Critical current densities as a function of the junc- 
tion orientation with respect to the YBa2Cu307 crystal for (top) twinned and (bottom) untwinned 
YBa2Cu307 at r = 4.2 K and in zero magnetic field [from (Smilde et al., 2005)]. 



The experimental layout is summarized in Fig. 5a. Basically, the YBCO base 
electrode is patterned into a nearly circular polygon, changing the orientation from 
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side to side by 5°. A Au barrier and Nb counterelectrode contact each side. In this 

way, the angle with respect to the (OlO)-orientation is varied as a single parameter 
Figure 5b presents the electrical characterization of the twinned base-electrode 
sample (top), and the untwinned one (bottom). The superconducting properties of 
the Au/Nb bilayer are independent of the orientation. Therefore, Jc depends on 
the in-plane orientation 6 with respect to the Z^-axis of the YBCO crystal only, 
and presents four maxima for both samples, approaching zero in between. This 
is in agreement with predominant dj^2_y2-'WdLVQ symmetry of the superconducting 
wave function in one electrode only. In closer detail, the nodes of the untwinned 
YBCO sample are found at 5° from the diagonal between the a- and the Z?-axis. 
This presents direct evidence for a significant real isotropic j-wave admixture. An 
estimate for the s- over J_^2_y2-wave gap ratio is 17% for a node angle = 50°, 
resulting in a gap amplitude 50% higher in the b (Cu-0 chain) direction than in the 
a direction. For the twinned base electrode, the nodes are found at the diagonal, 
which is expected if all twin orientations are equally present, and contributions of 
subdominant components average to zero. 

3.4. ANGLE-RESOLVED PHASE-SENSITIVE EXPERIMENTS 

Measurements of the critical currents of single YBCO-Nb junctions described 
above resulted in a gap 50% larger in the b than the a direction for optimally 
doped YBCO. To further quantify the deviations from a pure dx2_yi symmetry, 
in particular BTRS states, phase-sensitive experiments as a function of in-plane 
momentum are needed. Such experiments have been suggested to be sensitive to 
an imaginary component to the order parameter (Beasley et al., 1994; Ng and 
Varma, 2004). We have performed phase-sensitive experiments based on two- 
junction rings connecting YBCO and Nb to be able to accurately determine the 
in-plane pairing symmetry (Kirtley et al., 2006). 

A schematic of the rings for this experiment is shown in Fig. 6a. Each ring 
has one junction with a fixed angle of -22.5° relative to the majority twin a- 
axis direction in the YBCO, with the second junction angle varying in intervals 
of 5°. The ring geometries were optimized with several considerations in mind. 
For this measurement it is desirable to have large rings, because this leads to 
large IcL products, so that the spontaneous magnetization is not reduced from the 
asymptotic <l>o/2 value. Large rings are also easier to resolve with the SQUID 
microscope. It is important that the junction interfaces are well-defined, clean and 
have a sufficiently high critical current density. 

Figure 6 shows a SQUID microscope image of one of the rings, cooled and 
imaged in zero field. The spontaneous flux is clearly visible in the center of the 
ring; the ring walls are nearly invisible. Figure 6b shows images of the rings in this 
sample, cooled and imaged in zero field, depicted as a polar plot. This underlines 
the nearly four-fold symmetry of the data, with the transitions between 0-rings 
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Figure 6. (color) (a) Schematic of one ring, with the angles defined, (b) An image of the ring with 
second junction normal angle 6 = 167.5° relative to the majority twin a-axis direction, cooled and 
imaged in nominally zero field, (c) Images for all of the rings labelled by d and arranged in a polar 
plot. Rings cooled in zero field were either in the n = or the n = 1/2 flux quantum states (outer 
circle); the rings cooled in 0.2 fiT were in the n = 1/2, n = 1 or n = 2 states (inner circle) [from 
(Kirtleyetal., 2006)]. 

and ;r-rings occurring at angle of the variable junction normal 6 values close to 
(2m + 1)45°, m being an integer The deviations from four-fold symmetry are 
systematic and are consistent with the gap being larger in the ft-axis direction than 
in the a-axis direction. The outer circle of images are of the sample cooled in zero 
field, in which case the rings either have zero spontaneous flux (fluxoid number 
« = 0) or spontaneous flux close to Oo/2 (n = 1/2). To test whether all of the rings 
had sufficiently large junction critical currents to sustain an appreciable circulating 
supercurrent, we recooled the sample in a field of 0.2 fiT, with the resulting images 
shown in the inner semi-circle of Fig. 6c. In this case the 0-rings were either in the 
« = 1 or 2 state, whereas the 7r-rings remained in the n = 1/2 state. This shows that 
the nodal direction in YBCO films with a predominant twin orientation is shifted 
by at least a few degrees from the (2m + 1)45° angles expected for a pure d^2_y2 
superconductor. Furthermore, the spontaneous fluxes which do not deviate from 
^o/2 or zero underline the fact that BTRS is not associated with high temperature 
superconductivity in optimally doped YBCO. 
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4. Coupling of half-flux quanta 

Using grain boundary junctions, it has only been possible to controllably generate 
individual /r-ring (Tsuei et al., 1994; Tsuei and Kirtley, 2000a). Such ring has a 
doubly degenerate ground state in zero applied flux. This is of interest as model 
systems for studying magnetic phenomena -including frustration effects- in Ising 
antiferromagnets (Aeppli and Chandra, 1997; Moessner and Sondhi, 2001; Chan- 
dra and Doucot, 1988; Davidovic et al., 1996; Pannetier et al., 1984; Lerch et al., 
1990). Furthermore, studies of coupled 7r-loops can be useful for designing quan- 
tum computers based on flux-qubits (Mooij et al., 1999; van der Wal et al., 2000; 
Friedman et al., 2000; loffe et al., 1999; Blais and Zagoskin, 2000) with viable 
quantum error correction capabilities (Preskill, 1998; Bennet and DiVincenzo, 
2000). However, these require a large number of rings. In this section we concen- 
trate on the realization of large-scale coupled 7r-loop arrays based on YBCO/Nb 
Josephson contacts. Scanning SQUID microscopy (Kirtley et al., 1995b; Kirtley 
et al., 1995a) has been used to study the ordering of half-flux quanta in these 
structures. 




Figure 7. (color) Scanning SQUID microscope images of (a) continous zigzag junction with 40 /jm 
facet lengths, and (b) electrically disconnected zigzag junction with 40 yum between facet corners 
[from (Hilgenkamp et al., 2003)]. 

We have first investigated the generation and coupling of half-integer flux 
quanta in the zigzag array that have been discussed in Sec. 3.2, shown schemati- 
cally in Fig 7 insets. In the scanning SQUID microscopy image presented in Fig. 
7a, a spontaneously induced magnetic flux is clearly seen at every comer of the 
zigzag structure. For this sample a = 40 fim, which implies that the facets are 
well within the wide limit. The observed corner fluxons are arranged in an antifer- 
romagnetic fashion. This antiferromagnetic ordering was found to be very robust, 
occurring for many cool-downs and for different samples with comparable geome- 
tries. Deviations from an antiferromagnetic arrangement were only observed when 
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a magnetic field was applied during cool-down, or when an Abrikosov vortex was 
found trapped in (or near) the junction interface. 

In the zigzag configuration, all the half-fluxons are generated in a singly con- 
nected superconducting structure; the question therefore arises as to whether the 
antiferromagnetic ordering is due to a magnetic interaction between the fractional 
fluxons, or to an interaction via the superconducting connection between the cor- 
ners. To investigate this, we have also fabricated arrays of corner junctions, in 
a similar configuration as the zigzag arrays but with 2.5 //m-wide slits etched 
halfway between the comers, as schematically shown in Fig. 7b inset. In this situ- 
ation there is no superconducting connection between the separate flux-generating 
comer junctions. For a distance between the corners equal to the facet length in the 
connected array, a = 40 /jm, a ferromagnetic arrangement of the fractional flux 
quanta was observed (Fig. 7b). The magnetic interaction between the half-flux 
quanta at these distances is expected to be very weak, and alignment along minute 
spurious background fields in the scanning SQUID microscope is anticipated to 
be the dominating mechanism for their parallel arrangement. When the distance 
was decreased to about 20 fim, with a slit width of 1.5 /urn, a tendency towards an 
antiferromagnetic coupling was observed. 




Figure 8. SQUID microscopy images of four electrically disconnected arrays of ;r-rings with 
2.7 yum junctions and 11.5 fxm ring to ring spacings for (a) square, (b) honeycomb, (c) kagome, and 
(d) triangle lattices [from (Kirtley et al., 2005)]. 

We also have investigated 2-dimensional 7r-ring arrays made up of individual 
rings with various nearest-neighbor distances (25 /urn or closer) (Hilgenkamp 
et al., 2003; Kirtley et al., 2005). The rings were arranged into arrays with 4 
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different geometries: square, honeycomb, triangular, and kagome. The square and 
honeycomb arrays are geometrically unfrustrated, as their magnetic moments can 
be arranged so that all nearest neighbors have opposite spins, and the ground state 
of these lattices are only doubly degenerate. In contrast, the triangle and kagome 
lattices are geometrically frustrated, since it is impossible for all of the rings to 
have all nearest neighbors anti-ferromagnetically aligned, and the ground states 
are highly degenerate. Figure 8 shows examples of scanning SQUID microscope 
images of the arrays after cooling in nominally zero field. Although regions of 
antiferromagnetic ordering are seen in the unfrustrated arrays Figs. 8a and 8b, 
anti-ferromagnetic ordering beyond a few lattice distances was never observed. 
Nevertheless, antiferromagnetic correlations were seen in all the 2D ;r-ring arrays. 

We have shown that it is possible to realize large arrays of photolithograph- 
ically patterned 7r-rings. Half-fluxon Josephson vortices in electrically connected 
zigzag junctions order with strongly anti-parallel half-fluxon vortices through the 
superconducting order parameter phase. Electrically isolated ID and 2D arrays 
order much less strongly. The 2D ;r-ring arrays show stronger anti-ferromagnetic 
correlations than reported previously for 0-ring arrays (Davidovic et al., 1997; 
Davidovic et al, 1996), but do not order beyond a few lattice constants. One 
possibility is that our arrays correspond to a spin glass (Kirtley et al., 2005). 
However, in the absence of some hidden symmetry breaking, it appears that our 
rings are simply doubly degenerate. Furthermore, quahtatively similar results are 
obtained for arrays with and without geometrical frustration. Our experiments 
with repeated cooling show that there is little fixed disorder in our arrays. There- 
fore, it seems unlikely that we have a spin glass, unless there is some form of 
frozen-in disorder that varies from cooldown to cooldown. 

5. Possible applications of 7r-phase-shifting elements 

Besides holding a clue to the mechanism of high-rc superconductivity, the un- 
conventional (i-wave symmetry in high-Tc cuprates provides unique possibilities 
to realize superconducting (quantum)-electronics that exploit the associated sign- 
changes in the order parameter for orthogonal directions in A:-space. An intrigu- 
ing consequence of this sign-change is the spontaneous generation of fractional 
magnetic flux quanta in superconducting rings incorporating a ^f-wave induced 
TT-phase shift. In the following, we discuss some possible applications of 7r-phase- 
shifting elements for novel (quantum)-electronics based on high-rc versus low-Tc 
Josephson contacts. 

5.1. COMPLEMENTARY JOSEPHSON ELECTRONICS 

For a built-in phase shift of kn, the Ic{B) characteristics of tt-SQUIDs are shifted 
by ^fcOo compared to a standard SQUID. Two IdB) dependencies are possible. 
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differing with the polarity of the built-in phase shift. By constructing a phase- 
shifting element in which the polarity can be switched, a bistable superconducting 
device can be realized, with SQUID characteristics shifted by +^kOo or -^^Oq 
compared to the standard case. This bistability can be used to construct supercon- 
ducting memory elements, like flip-flops or programmable logic. Furthermore, 
loff'e et al. (1999) proposed to design qubits for quantum computation based on 
the energetically degenerate ground states. They suggested a possible practical 
realization with k = ±j (Fig. 9a). It is based on a superconducting ring containing 
four identical Josephson junctions. In this ring a ;r-phase shift is incorporated 
using one of the concepts described earlier. It invokes a persistent circulating 
supercurrent relating to a phase drop of practically jn per junction, with a 
slight deviation proportional to the magnetic flux in the ring, which is equal to the 
product of Icirc and the inductance of the phase-shifting element Lshifter- 




Figure 9. (Color) Schematic of (a) a ;r/2 phase-shifting element consisting of four Josephson 
junctions and a built-in n phase shift, and (b) a switchable 7r/2 SQUID, in which a SQUID 
loop incorporates the nl2 phase shifter (dashed rectangle) and an unbiased four-junction loop, 
(c) Implementation of the switchable njl SQUID, (d) Critical current versus applied magnetic 
field for a reference SQUID incorporating two unbiased four-junction loops (top), and for the two 
complementary states of the switchable njl SQUID (middle and bottom) [from (Smilde et al., 
2004b)]. 

We have realized a superconducting bistable device by incorporating a njl 
phase-shifting element into a dc SQUID. Incorporating this element in a larger 
SQUID structure, as shown in Fig. 9b, a phase shift over the terminals A and B 
of ±7r/2 is obtained whose polarity depends on the direction of Idrc- With the /c's 
of the junctions in the overall SQUID being much smaller than those in the phase 
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shifter, the final device is bistable, with the IdB) characteristics shifted by +|Oo 
or -|<l>o compared to a standard SQUID, as shown in Fig. 9d. Notice that the 
characteristics of these two states are complementary to each other, which makes 
these structures suitable for the construction of (programmable) complementary 
Josephon electronics. 

5.2. HALF-FLUX QUANTA AS INFORMATION CARRIERS 

The doubly degenerate groundstates of 7r-rings allow their use for information 
storage. As previously discussed, under specific circumstances these groundstates 
are characterized by the spontaneous formation of half a quantum of magnetic 
flux. Their polarity can be set by the action of a logic (quantum-)gate, making 
them potentially useful elements for a random access memory. This is demon- 
strated in Fig. 10, showing a scanning SQUID microscopy image of an array of 
half-integer flux quanta forming the characters 'IBM-i-UT'. The fluxes were all 
set to have the same polarity by cooling in a modest externally applied magnetic 
field. The polarity of selected elements was reversed by applying pulses of control 
current to a single turn coil incorporated into the SQUID measurement chip. 




Figure 10. Scanning SQUID microscopy image of an array of half-integer flux quanta forming 
the characters 'IBM+UT'. 



5.3. TT-SHIFTS IN RAPID SINGLE FLUX QUANTUM-LOGIC 

In isolated ;r-rings, fabricated with high-rc grain boundaries (Tsuei et al., 1994) 
or with connections between high-Tc and \ow-Tc superconductors (Hilgenkamp 
et al., 2003), the generation and manipulation of fractional flux quanta has already 
been demonstrated using scanning SQUID microscopy. An important step towards 
its application in electronic circuitry is the incorporation of such 7r-loops in su- 
perconducting logic gates, in which a controlled operation on an electronically 
applied input signal leads to a predefined output signal (Terzioglu and Beasley, 
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1998; Ustinov and Kaplunenko, 2003). We have performed experiments realiz- 
ing this idea (Ortlepp et al., 2006), and showed the first realization of a Toggle 
Flip-Flop (TFF) based on Josephson contacts between high-Tc and low-Tc su- 
perconductors, in which the polarity of the fractional flux quantum provides the 
internal memory. 

The spontaneous generation of fractional flux in the /r-shift device eliminates 
the need for the asymmetrically injected bias current, which reduces the amount 
of connections to external control-electronics and allows for symmetry in the 
design parameters. This greatly benefits the design-process and fabrication and 
also leads to denser circuitry; our first realization needed only a quarter of the size 
of a standard Toggle Flip-Flop in established Niobium technology with the same 
feature size of 2.5 pim. 

5 .4. ;t-SHIFT QUBIT CONCEPTS 

Over the last decades quantum-computation has received much attention because 
of its potential to solve mathematical problems, which classical computers cannot 
solve in acceptable times (DiVincenzo, 1995; DiVincenzo and Loss, 1998). As 
usual, it is a long way from basic principles to their practical implementation. 
A central aspect in this context is the availability of appropriate qubit elements, 
which allow integration into logic gates. A qubit is a quantum-system which, 
similar to a bit in a conventional computer, is characterized by two states but 
which can exist in arbitrary quantum-superpositions of these states. 

While techniques from quantum-optics (cold trapped atoms, photons in cavi- 
ties) or from molecular physics (nuclear magnetic resonance methods) appear to 
provide promising technologies for the realization of individual and few qubits, 
freedom in the design-parameters of the qubits and upscaling to real computing 
devices will require the scalability and variability of solid-state implementations. 
Superconductors appear to provide the best starting point to achieve this goal. 

Proposed superconducting qubits operate either with charge (Schnirman et al., 
1997; Averin, 1998; Bouchiat et al., 1998; Nakamura et al, 1999), or flux-/phase- 
states (Bocko et al, 1997; Mooij et al, 1999; loffe et al., 1999; Feigel'man et al, 
2000; Blatter et al., 2001). In the phase-qubit, the information is mainly expressed 
through the phase degree of freedom, with only a minor coupling to the environ- 
ment or to other qubits. The phase-state itself carries no charge and no current, 
rendering the device electrically and magnetically robust. A first proposal that 
was made by the ETH Zurich group for a superconducting phase-qubit involved 
mesoscopic junctions combining s- and li-wave superconductors, so called SDS'- 
junctions (loffe et al., 1999). Subsequently, a more easily realizable scheme was 
proposed involving superconducting loops with five Josephson junctions, four 
conventional ones and a ;r-junction (Blatter et al., 2001). In the design, the quan- 
tum degrees of freedom involve only the conventional junctions, while 7r-junction 
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acts primarily as a phase-shifter. A very appealing aspect hereby is the fact that 
the qubits do not require a flux-bias, as is the case for all-low- Tc concepts. 
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